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Reionization, the only phase transition in the Universe since recombination, is a key event in the
cosmic history of baryonic matter. We derive, in the context of the large-scale bias expansion, the
imprints of the epoch of reionization in the large-scale distribution of galaxies, and identify two
contributions of particular importance. First, the Compton scattering of CMB photons off the free
electrons lead to a drag force on the baryon fluid. This drag induces a relative velocity between
baryons and CDM which is of the same order of magnitude as the primordially-induced relative
velocity, and enters in the evolution of the relative velocity as calculated by Boltzmann codes.
This leads to a unique contribution to galaxy bias involving the matter velocity squared. The
second important effect is a modulation of the galaxy density by the ionizing radiation field through
radiative-transfer effects, which is captured in the bias expansion by so-called higher-derivative
terms. We constrain both of these imprints using the power spectrum of the BOSS DR12 galaxy
sample. While they do not lead to a shift in the baryon acoustic oscillation scale, including these
terms is important for unbiased cosmology constraints from the shape of the galaxy power spectrum.
I. INTRODUCTION
The evolution of baryonic matter in the Universe is
characterized by two phase transitions: the first, recom-
bination, happened at redshift z∗ ≈ 1100, after which
baryons formed a neutral gas and were decoupled from
radiation. The second phase transition, reionization,
happened at some point between zre ∼ 6 and zre ∼ 20.
After reionization, baryons were essentially fully ionized
again. The history of reionization is not nearly as well
determined as that of recombination (see [1, 2] for re-
views). The reason for this is that the radiation sources
that brought about this phase transition are surmised to
be stars, explosive events such as supernovae, or accreting
black holes; that is, highly nonlinear objects whose for-
mation is incompletely understood. On the other hand,
the progenitors of galaxies observed in the low-redshift
Universe were actively forming around the epoch of reion-
ization, which is thus expected to have strong effects
on these progenitors. For example, reionization is one
of the possible explanations for the suppression of the
stellar-mass-to-halo-mass ratio M∗/Mh observed in low-
mass galaxies today [3, 4].
While it is thus well established that reionization can
strongly affect the mean number density of tracers (for
example, galaxies identified at fixed stellar mass), much
less study has been devoted to the question of how
reionization affects the large-scale clustering of observed
galaxies. In this paper, we address this question, fo-
cusing on scales much larger than the nonlinear scale,
kNL ∼ 0.3hMpc−1 or RNL ∼ 20h−1 Mpc today, where
perturbation theory applies. On these scales, the cluster-
ing of galaxies can be related to that of the total matter
distribution through a perturbative bias expansion (see
[5] for a comprehensive overview). Thus, the key question
we attempt to address is:
Which additional contributions does reionization
add to the bias expansion?
In particular, we will study three distinct physical ef-
fects:
• Compton drag
• pressure forces
• radiative-transfer effects.
As we will see, the second and third contributions are
captured by terms in the bias expansion, so-called higher-
derivative terms, that are well known and present already
even when all non-gravitational effects are neglected.
Reionization will however affect the magnitude of these
contributions; in particular, the radiative-transfer effects
could lead to significant effects on comoving scales of or-
der 50h−1 Mpc. On the other hand, the effect of Comp-
ton drag leads to contributions that are distinct from
all previously considered terms in the bias expansion of
galaxies.
Our considerations involve two steps. First, we con-
sider the physical mechanisms by which reionization can
influence galaxy formation, by way of the evolution of
the large-scale baryon density (Sec. II). Then, allowing
for the galaxy density to depend on the baryon density
along its entire past history, and within a finite region, we
write down the contributions to the general perturbative
galaxy bias expansion (Sec. III).
This result then allows us to constrain the amplitude
of the Compton drag and radiative-transfer effect on
galaxies using the data release 12 (DR12) sample from
the Baryon Oscillations Spectroscopic Survey (BOSS).
These constraints are presented in Sec. IV. We conclude
in Sec. V.
We spell out the complete expression for the 1-loop
galaxy power spectrum which is being fitted to the data
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2in App. A. App. B provides an estimate of the adiabatic
decaying mode induced by pre-recombination plasma os-
cillations, which has so far not been considered in essen-
tially all studies on galaxy bias. We show that it is very
small even during the dark ages before reionization, and,
thus, that it can indeed be neglected.
We assume a flat ΛCDM fiducial cosmology with Ωm =
0.31, Ωbh
2 = 0.022, h = 0.676, σ8 = 0.824, ns = 0.96 and∑
mν = 0.06 eV, which is the fiducial cosmology used in
the BOSS data analysis. Numerical results have been
obtained from the Boltzmann code CAMB [6], in the
version of January 2016.
II. REIONIZATION EFFECTS ON THE
BARYON DISTRIBUTION
In this section, we consider the effects of reionization
on the large-scale baryon density and velocity. As a start-
ing point, we will work to linear order in perturbation
theory, as the effects are small on large scales, and the
nonlinear scale RNL, i.e. the spatial scale within which
the fractional rms density contrast is order one, is very
small at high redshifts. The incorporation of nonlinear
evolution will then be considered in the next section.
A. Compton drag
On large scales, both baryons and CDM can be de-
scribed as pressureless fluids which are coupled by grav-
ity (we will consider baryonic pressure below). Then, at
linear order in perturbations, their velocities vb,vc each
follow the linearized Euler equation,
v′b +Hvb = −∇Φ
v′c +Hvc = −∇Φ , (1)
where primes denote derivatives w.r.t. conformal time τ ,
H = a′/a, and the gravitational potential Φ obeys the
Poisson equation,
∇2Φ = 3
2
Ωm(τ)H2δm , (2)
where Ωm(τ) is the ratio of the mean matter density to
the critical density, and δm is the fractional perturbation
in the matter density. This is in turn given by the frac-
tional density perturbations δb, δc in baryons and CDM,
respectively, through
δm = fbδb + (1− fb)δc , (3)
where fb = Ωb/Ωc is the ratio of mean baryon and mean
CDM densities. Correspondingly, the matter velocity is
given by1
v ≡ vm = fbvb + (1− fb)vc . (4)
Eq. (1) states that the relative velocity vr between
baryons and CDM is not sourced, and obeys
vr +Hvr = 0 , where vr ≡ vb − vc . (5)
The source-free nature remains true also at nonlinear or-
der. Thus, in terms of the relative velocity vr(τin) ≡ vbc
at some initial time τin, we have
vr(x, τ) = vbc(x)
ain
a(τ)
, (6)
and the relative velocity decays as 1/a. Here, we have
adopted the commonly used notation vbc for the initial
conditions of the relative velocity vr. Before recombina-
tion, the baryons were tightly coupled to photons. This
coupling led to an effective force term on the r.h.s. of the
Euler equation Eq. (1) for baryons (see below), which
induces a relative velocity. After recombination, this ve-
locity vbc, which we will refer to as the “primordial con-
tribution” from now on, decays following Eq. (6). The
impact of this relative velocity on large-scale structure
was first pointed out by [7] (but see also [8, 9]) and has
been studied extensively since then [10–21].
Let us now consider what happens during and after
reionization. As soon as the ionization fraction is sig-
nificant, the gas is weakly coupled to the freely stream-
ing relic photons of the cosmic microwave background
(CMB) through Compton scattering. Specifically, the
photons scatter off the electrons, which in turn are bound
to the nuclei through Coulomb forces. Due to the signif-
icantly diluted baryon density as well as redshifted relic
radiation at the epoch of reionization, this coupling is
much weaker than that before recombination. Neverthe-
less, we will see that it is not negligible in terms of the
baryon-CDM relative velocity. In this subsection, we will
keep the speed of light c explicit. Note that this means
that the gravitational potential Φ has units of c2.
Each electron elastically scatters photons at a rate
of σTnγc, where σT is the Thomson cross section, and
nγ is the number density of photons. The momentum
transfer in each scattering is approximately kBTγ , where
Tγ = 2.73(1 + z) K is the radiation temperature, since
the photon momentum is much smaller than that of the
electron. Integrating over the photon energy, the total
momentum transfer rate on a single electron is σTuγ ,
where
uγ =
8pi5
15(hc)3
(kBTγ)
4 (7)
1 Note that at nonlinear order, various definitions of the coarse-
grained matter velocity can be chosen. This is however irrelevant
for our results, since the differences are absorbed by the bias
parameters appearing in the nonlinear bias expansion.
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FIG. 1: Transfer function for the divergence of the baryon-CDM relative velocity θr (divided by H0 to be dimensionless) at
z = 0. We show the primordial contribution, obtained by using a pre-reionization transfer function output from CAMB evolved
to z = 0, as well as the Compton-drag and pressure contributions as estimated in the text [Eq. (14) and Eq. (20); we have
adjusted the value of α0 from the approximate estimate Eq. (10) by ∼20%]. Also shown is the total transfer function, as well
as the output from CAMB at z = 0, which agrees well. All transfer functions are normalized so that Tm(k → 0, z = 0) = 1.
is the energy density of radiation. However, since the
radiation field is close to isotropic (radiation density per-
turbations are at the level of 10−4 and negligible here),
an electron at rest in the CMB rest frame experiences no
net force. If the electron moves with velocity vγe relative
to the CMB rest frame, it experiences a drag due to the
fact that there is a radiation dipole given by (vγe/c)Tγ
in the electron rest frame. Thus, the drag force on the
electron is
Fe = −vγe
c
σTuγ . (8)
Multiplying this by the electron density yields the force
density fe = neFe, which, via the Coulomb coupling
between electrons and nuclei, contributes to the r.h.s. of
the baryon Euler equation through afe/ρb, where ρb is
the baryon density (the factor of a arises because we have
written the Euler equation in terms of ∂/∂τ). Choosing
the CMB rest frame as defining the global coordinate
system, as is usually done, we have vγe = vb. Adding
this to Eq. (1), we have
v′b +Hvb = −∇Φ− xeαH vb , (9)
where xe(τ) is the electron ionization fraction, and the
dimensionless function α is given by
α(τ) = a(τ)
σTuγ(τ)
YempcH(τ) = α0(1 + z)
4E−1(z) ,
α0 ≈ 1.61h−1 × 10−6 , (10)
and Ye ≈ 1.08 is the electron molecular weight, mp is the
proton mass, and E(z) = H(z)/H0 is the scaled Hubble
rate.
We finally obtain the equation of motion for the
baryon-CDM relative velocity, at linear order in pertur-
bations, in the presence of Compton drag:
v′r +Hvr = − xeαHv . (11)
Here, we have approximated the baryon velocity with the
total matter velocity v. This approximation is sufficient,
since the difference between vb and v is suppressed by
2–3 orders of magnitude, while, as we will see, the con-
tribution on the r.h.s. of Eq. (11) is itself already highly
suppressed. Moreover, since we are working at linear or-
der in perturbations, the contribution from Eq. (11) sim-
ply adds to the primordial relative velocity of Eq. (6).
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FIG. 2: Primordial and Compton-drag contributions to the transfer function of the baryon-CDM relative velocity divergence
at different redshifts. The different scaling with redshift of these physically distinct contributions is evident. In particular, the
Compton drag behaves non-monotonically, due to an interplay of the buildup of the relative velocity and redshifting of the
background radiation [see Eq. (16)].
We can then immediately integrate Eq. (11) to obtain
vr(x, τ) = Cdrag(τ)v(x, τ) + vbc(x)
ain
a(τ)
, (12)
Cdrag(τ) ≡ α0
a2E(τ)fD(τ)
∫ ln a(τ)
ln ain
d ln a′ xe(a′)a′−2fD(a′) ,
(13)
where D(τ) is the linear growth factor while f ≡
dD/d ln a is the growth rate. Taking the divergence of
Eq. (12), we obtain
θr(x, τ) = Cdrag(τ)θ(x, τ) + θbc(x)
ain
a(τ)
, (14)
where θbc = ∇ · vbc. Thus, Compton drag leads to a
source term for the relative velocity divergence between
baryons and CDM which is given by the matter velocity
divergence θ = −δ′m, which is in turn proportional to the
matter density perturbation at linear order. Fig. 1 shows
this contribution to the baryon-CDM relative velocity at
redshift z = 0, where we have assumed instantaneous
reionization at zre ≈ 11.8 (as determined by CAMB from
the given optical depth). Here, the transfer function is
defined as
Tθr (k, z) =
5
2
Ωm0
H20
c2D(z = 0)
θr(k, z)
k2R(k) , (15)
where Ωm0 is the matter density parameter today, the
growth factor D(z) is normalized to D(z) = 1/(1 + z)
during matter domination, andR is the primordial super-
horizon curvature perturbation. We similarly define the
transfer function for other quantities. Note that Tm(k) ≡
Tδm(k, z = 0) → 1 for k  0.01hMpc−1 using this nor-
malization. We thus see that, at z = 0, the baryon-CDM
relative velocity is suppressed by more than four orders
of magnitude compared to the velocity of the adiabatic
growing mode (using that Tθ(k, z = 0)/H0 ∼ Tm(k)).
We also show the primordial contribution in Fig. 1, ob-
tained by scaling the pre-reionization CAMB prediction
for θr to z = 0 using the 1/a scaling [Eq. (6)]. In fact,
this contribution is a factor of a few smaller than the
Compton-drag contribution at z = 0. It shows strong
baryon acoustic oscillation (BAO) features, which are
absent in the Compton-drag contribution, being propor-
tional to the matter velocity. The primordial relative
velocity is suppressed on scales k . 0.03hMpc−1, corre-
sponding to scales outside the sound horizon at recombi-
nation. This suppression is not present in the Compton-
drag contribution, since all perturbations within the co-
moving horizon at the given redshift contribute to the lo-
cal CMB dipole. Finally, we see that the sum of the two
contributions (thick yellow line) agrees extremely well
with the transfer function for θr output by CAMB at
z = 0, for k . 2hMpc−1. This shows that these two con-
5tributions indeed completely determine the baryon-CDM
relative velocity on large scales. The strongly rising con-
tribution on small scales will be considered in the next
section.
Fig. 2 illustrates the redshift evolution of the primor-
dial and Compton-drag contributions. While the primor-
dial contribution strictly decays as 1/a, the Compton-
drag contribution shows a peak at intermediate red-
shifts. This can be understood from Eq. (13). In matter
domination and assuming instantaneous reionization at
are = (1 + zre)
−1, Eq. (13) allows for an analytical solu-
tion, yielding
vr
v
∣∣∣
drag
= Cdrag(a)
EdS
= α0 a
−3/2 [a−1re − a−1] , (16)
for a > are (Cdrag is trivially zero otherwise). For
zre ≈ 11, the largest value is obtained at z ∼ 6 − 7,
with Cdrag ∼ 2.5×10−4. At higher redshifts, not enough
time has elapsed since reionization for the Compton drag
to have an effect, while at lower redshifts, the decay of
peculiar velocities together with the rapid redshifting of
the momentum flux in the CMB radiation suppress the
drag-induced relative velocity. The magnitude of the nu-
merical result at z = 4 shown in Fig. 2 also matches
the expectation from Eq. (16). We will use this esti-
mate for our order-of-magnitude estimates below. It is
also worth pointing out that, after hydrogen reionization
is complete, the reionization of HeII [22] supplies addi-
tional electrons, and will thus contribute to the Compton
drag.
The fact that the primordial and Compton-drag con-
tributions to the baryon-CDM relative velocity originate
from different epochs and scale differently with time
shows that we have to include them separately in the
galaxy bias expansion. We will turn to this in Sec. III.
B. Pressure forces
Fig. 1 shows that, while the prediction of the low-
redshift baryon-CDM relative velocity from CAMB is
accurately represented as due to primordial and post-
reionization Compton drag, this no longer holds on very
small scales. We now show that the small-scale contribu-
tion to vr is due to pressure. Pressure perturbations add
a term −ρ−1b ∇p to the baryon Euler equation Eq. (1),
where p is the pressure. Note that a homogeneous pres-
sure component has no dynamical effect. Defining the
sound speed through
δp = c2sδρb , (17)
we then obtain at linear order
v′b +Hvb = −∇Φ− a(τ)c2s(τ)∇δb , (18)
where we did not include the Compton-drag term. Since
we are working at linear order in perturbations, it suffices
to consider these contributions separately. Again, the
factor of a(τ) is due to our use of conformal time. We
see that, due to the additional derivative, these pressure
perturbations become relevant on small scales, depending
on the sound speed. For reference, the sound speed of
atomic hydrogen (m = mp, γ = 5/3) is given by
cs
c
= 4× 10−7
(
T
1 K
)1/2
. (19)
Subtracting the dark matter velocity and taking the di-
vergence of Eq. (18), we have
θr(x, τ)
∣∣∣
pressure
= −Cp(τ)H−10 ∇2δm(x, τ) , (20)
Cp(τ) ≡ 1
a(τ)D(τ)
∫ ln a(τ)
ln ain
d ln a′ a′E−1(a′)D(a′)
× [c2s(a′)− c2s,CDM eff(a′)] . (21)
Here, we have again approximated δb ≈ δm, as the dif-
ference is at the percent level on large scales [20, 23].
The second term in Eq. (21) contains the effective sound
speed cs,CDM eff of dark matter. While cold dark matter
is pressureless microscopically, an effective sound speed
(along with anisotropic stress) is present when coarse-
graining the dark matter velocity field on finite scales
[24–26], which accounts for the breakdown of the fluid
approximation on nonlinear scales.
Eq. (20) shows that the pressure contribution to the
baryon-CDM relative velocity is captured by a so-called
higher-derivative term, ∇2δm (see Sec. 2.6 of [5] for an
overview). Fig. 1 shows that this contribution describes
perfectly the small-scale contributions to the baryon-
CDM relative velocity as calculated by CAMB. Here, we
have estimated Cp using the adiabatic scaling for the gas
temperature, T ∝ (1 + z)2, yielding c2s(a) = c2s,0(1 + z)2,
and matched cs,0 to the CAMB result. This yields
cs,0
c
≈ 6× 10−7 , (22)
which corresponds to a temperature today of ∼ 3 K.
Given the absence of heat sources in CAMB, this is
roughly the expected magnitude of the gas temperature
today. Of course, the actual evolution of the relative ve-
locity between baryons and CDM on these very small
scales, which are in the fully nonlinear regime at low red-
shifts, is very different from that predicted by CAMB.
In reality, the first stars photo-heat the gas to much
higher temperatures, T ∼ 104 K, which correspondingly
increase the pressure forces. Nevertheless, we will see in
the next section that the effect of pressure is still expected
to be subdominant compared to the effects of ionizing
radiation on large scales.
C. Radiative-transfer effects
The epoch of reionization had a significant effect on the
thermal state of the gas, and thus strongly affected the
6process of galaxy formation (see [1, 2] for reviews). While
before reionization, the rate of gas accretion onto halos
was set by the cooling time of the gas, the rapid heating
of the gas by reionization, to temperatures of order 104 K,
led to photo-evaporation of gas from low-mass halos [4],
and halted the accretion onto halos with masses below
the now greatly increased Jeans mass (as MJ ∝ T 3/2).
For reference, the Jeans mass for an ideal monatomic gas
of T = 104 K is MJ ≈ 1.7 × 107 h−1M, corresponding
to a comoving Jeans scale of λJ ≈ 0.08h−1 Mpc. This
in turn suppressed the formation of galaxies in such low-
mass halos [3]. On the other hand, these effects are not
expected to have strongly affected the formation of galax-
ies in halos that were much more massive thanMJ around
reionization.
Now, for the purposes of describing galaxy clustering,
the key question is whether this suppression happened in
a spatially homogeneous fashion, or was modulated by
large-scale perturbations. On small scales, reionization
most likely occurred in a highly inhomogeneous fashion.
The first sources of ionizing radiation propagated ioniza-
tion fronts into the neutral medium, forming Stromgren
spheres of ionized, heated gas (if the sources emitted a
significant fraction of X-rays, such as expected for active
galactic nuclei and microquasars, then the gas outside of
the ionization front might also have been heated appre-
ciably). One thus expects that, for halos not much more
massive than MJ, the probability of forming a galaxy
within a given halo will depend on the local ionizing
background, and thus on the presence of such an ioniz-
ing source in the neighborhood of the proto-galaxy during
reionization. On the other hand, as soon as the Strom-
gren spheres overlapped and the Universe was largely ion-
ized, the ionizing background is determined by an aver-
age over a volume of order the mean free path of pho-
tons, and so became approximately homogeneous. In
this regime, the modulation of the galaxy density by
radiative-transfer effects is suppressed.
In order to make progress, we now assume that the
radiative-transfer effects can be captured by allowing for
the abundance of galaxies ng(x, z), more precisely, the
progenitors of galaxies observed at lower redshifts, to de-
pend on the local, spherically averaged flux Jion of ioniz-
ing radiation (see [27] for a detailed discussion),
Jion(x, z) ≡
∫ ∞
912A˚/c
dν
hν
∫
d2nˆ Iν(x, z, nˆ, ν) , (23)
where Iν is the specific intensity of the local radiation
field incident on the proto-galaxy, and 912 A˚ is the wave-
length corresponding to the Lyman limit. We thus write
ng(x, z ∼ zre)
∣∣∣
rad. transfer
= F [Jion(x, z)] , (24)
where F [Jion] is a (most likely nonlinear) function. Ignor-
ing any scattering, the flux of ionizing radiation is given
by
Jion(x, z) =
∫
d3y
ion(x+ y, z)
y2
exp[−τˆ(x,y, z)] ,
(25)
where ion is the emissivity per unit volume of ionizing ra-
diation (see e.g. [28] for recent observational constraints),
understood as the effective emissivity that enters the in-
tergalactic medium (IGM), i.e. after the escape fraction
is applied. Further, τˆ(x,y, z) is the optical depth of ion-
izing radiation at redshift z between points x and x+y,
τˆ(x,y, z) = |y|
∫ 1
0
ds nHI(x+ sy, z)σbf , (26)
where nHI is the number density of neutral hydrogen, and
σbf is the bound-free cross section. All of ion, τˆ , σbf are
understood to be averages over frequency [cf. Eq. (23)]
weighted by the source spectra. We have also approxi-
mated the lightcone integrations as spatial integrations
at fixed time, since the mean free path of ionizing photons
is much smaller than the horizon during reionization. We
thus see that the integral in Eq. (25) extends over a re-
gion whose size is of order the local mean free path of
ionizing radiation, which is given by λion = 1/(nHIσbf).
This means that the abundance of galaxies depends in
detail on the distribution of sources within λion, as well
as the ionization fraction which determines nHI.
Let us then consider what this implies for a large-
scale perturbation in the source density with wavelength
much greater than λion; analogous reasoning applies to
variations in the ionization fraction, which themselves
are controlled by the emissivity. Writing ion(x, z) =
¯ion(z)[1 + δ(x, z)], we have
Jion(x) = ¯ion
∫
d3y
y2
[1 + δ(x+ y)] exp[−|y|/λion] ,
(27)
where we have dropped the redshift argument for clarity,
and assumed that the mean free path is spatially uniform.
If the perturbation in ion has a wavelength much longer
than λion, then we can perform a formal Taylor series of
δ(x+ y) around x to obtain
Jion(x) = ¯ion
∫
d3y
y2
[
1 + δ(x) +
1
6
∇2δ(x)y2 + · · ·
]
× exp[−|y|/λion]
= J¯ion
[
1 + δ(x) +
1
3
λ2ion∇2δ(x) + · · ·
]
. (28)
We have dropped the term at linear order in y, y ·∇δ,
as we are interested in the case where we average over
small-scale fluctuations. Since there is no other preferred
direction, the term ∝ ∇δ has to vanish after this av-
eraging. In the second line, we have performed the now
trivial integrations over y, and related the integral over
the mean emissivity to the mean intensity J¯ion of ionizing
7radiation. Clearly, this is modulated by the perturbation
in emissivity. In the limit of small mean free path of ion-
izing radiation λion → 0, this modulation is local in the
perturbation to the emissivity. The leading correction
from the finite distance which ionizing radiation travels
is captured by the last term, which involves ∇2δ, and is
multiplied by a coefficient of order λ2ion.
This shows that the radiative-transfer effects on the
clustering of proto-galaxies can, on large scales, be cap-
tured by the same higher-derivative terms which are in-
duced by pressure [cf. Eq. (20)]. However, instead of the
sound horizon, the amplitude of these terms is now set
by the mean-free path of ionizing radiation λion. Here
we have assumed that the fluctuations in the emissivity,
loosely speaking the source density, of ionizing radiation
themselves trace the matter density on scales of order
λion. This is likely to be a good physical approxima-
tion. A similar reasoning applies to the modulation of the
neutral hydrogen density nHI, which determines the lo-
cal modulation of λion. While distinguishing between the
modulation of the ionizing background and the modula-
tion of the mean-free path is important for understanding
the physics of reionization and the high-redshift IGM,
from the point of view of large-scale galaxy clustering,
their effects are both captured by the higher-derivative
expansion and thus phenomenologically the same.
Carrying the expansion in Eq. (28) to higher order, we
obtain higher powers of derivatives, such as λ4ion∇4δ, as
well as nonlinear terms in δ. These contributions to the
galaxy density are only suppressed if one considers the
clustering of galaxies on scales r much larger than λion.
If r ∼ λion, the perturbative treatment of the radiative-
transfer effect breaks down. Thus, for galaxies whose pro-
genitors were significantly affected by photo-ionization
and heating, λion could set a lower limit on the scales on
which their clustering statistics can be described pertur-
batively. Our task thus is to estimate the size of λion.
Since nHI decreases as a function of time, both due to
the cosmological expansion and the increasing ionization
fraction, one expects λion to increase. This is confirmed
by observations from quasar spectra. Ref. [29] report val-
ues in comoving units of λion = 44h
−1 Mpc−86h−1 Mpc
at redshifts z = 5.2 − 4.6, which were evaluated for
Lyman-limit photons of 912A˚. Similarly, Ref. [30] find
significant variations in the optical depth, averaged along
the line of sight over bins of comoving width 50h−1 Mpc,
of the Lyα forest at z ∼ 5 − 6 (note that they attribute
these variations to fluctuations in the mean-free path
rather than the UV emissivity; however, as discussed
above, the relevant scale for the modulation of galaxy
clustering is still the mean λion). Over this redshift
range, the bulk of the IGM is already ionized, i.e. the
epoch of reionization is essentially completed. If photo-
evaporation and heating effects are still relevant at these
relatively low redshifts for the galaxy sample under con-
sideration, they could lead to a significant imprint in
the clustering of galaxies at comoving scales in the same
range. If on the other hand the effects of the ionizing ra-
diation on galaxy formation cease soon after reionization
is completed, then the relevant value of λion is likely to
be significantly smaller.
We reiterate that for galaxies residing in massive halos
(Mh  MJ ∼ 107 h−1M), the radiative-transfer effects
are not expected to be relevant, as the heating of the gas
does not significantly affect their accretion of gas from
the IGM. One thus expects that any signature of these
radiative-transfer effects will be a strong function of par-
ent halo mass. Note that higher-derivative contributions
are also present for dark matter halos even when con-
sidering gravity only. In that case however, the relevant
scale is the Lagrangian radius (3M/4piρ¯m)
1/3 [31–35].
III. CONTRIBUTIONS TO THE GALAXY BIAS
EXPANSION
We now turn to deriving the leading contributions to
the general galaxy bias expansion induced by the three
physical effects discussed above: Compton-drag, pressure
forces, and radiative-transfer effects. The bias expansion
is defined as an expression for the galaxy density field of
the form [5]
δg(x, τ) ≡ ng(x, τ)
n¯g(τ)
− 1 =
∑
O
bO(τ)O(x, τ) . (29)
Here, ng is the local number density of galaxies, while n¯g
is the mean at fixed conformal time or redshift. O stands
for operators constructed out of the density field, tidal
field, baryon-CDM relative velocity, and so on. Each op-
erator has a bias coefficient bO which is specific to any
given galaxy sample and only depends on time, and in
general needs to be determined by fitting to galaxy statis-
tics, as we will do in the following. Strictly speaking, the
operators O need to be renormalized in order to obtain
a meaningful perturbative expansion [36–40]. For the
purposes of this paper, this is a technical detail and not
essential for the developments that follow.
The operators O can be further classified by the num-
ber of fields they contain (for example, O = δm is first
order, while δ2m is second order, and so on), and by the
number of spatial derivatives involved. Any operator
that involves spatial derivatives on the matter density or
tidal field is defined as a higher-derivative operator. The
significance is that these terms only become relevant on
small scales. As already mentioned above, the pressure
and radiative-transfer contributions enter as such higher-
derivative terms, which have been considered previously.
On the other hand, Compton drag leads to unique con-
tributions that are new to the bias expansion Eq. (29).
In this section, we revert to units where the speed of light
c = 1. Hence, H0 ≈ (3000h−1 Mpc)−1. We also denote
δ ≡ δm, since δb, δc will no longer appear in what follows.
8A. Compton drag
The baryon-CDM relative velocity vr is a local observ-
able, and hence must be included in the general pertur-
bative galaxy bias expansion.
1. Linear order
We begin with the expansion at linear order, where
there is only one contribution from the relative velocity,
θr [20], given in Eq. (14):
θr(x, τ) = Cdrag(τ)θ(x, τ) + θbc(x)
ain
a(τ)
. (30)
In general, galaxies observed at some time τ can depend
on the relative velocity at any time during their forma-
tion history. Thus, fully generally at linear order, the
contribution of a relative velocity divergence to the bias
relation is given by an integration over the past fluid tra-
jectory,
δg(x, τ) ⊃
∫ τ
0
dτ ′ Fθr (τ, τ
′)θr(xfl(τ ′), τ ′) , (31)
where Fθr (τ, τ
′) is a kernel specific to the galaxy sam-
ple considered, and xfl(τ
′) denotes the fluid trajec-
tory (geodesic) leading to the spacetime location (x, τ);
at lowest order in perturbations, this is simply xfl =
x = const. As is clear from Eq. (30), there are two
large-scale contributions to θr with different time depen-
dences: the recombination contribution θbcain/a, and the
Compton-drag contribution Cdragθ = −CdragHfδ, where
we have used the linear continuity equation for mat-
ter. We can then formally perform the time integral in
Eq. (31), leading to
δg(x, τ) ⊃ bbcθ (τ)θbc(x)
ain
a(τ)
+ bdrag,θ(τ)δ(x, τ) , (32)
where the bias parameters bbcθ and bdrag,θ are given by
integrals of the kernel Fθr against the specific time de-
pendences of each term. Usually, these parameters need
to be determined by a fit to the data.
The first term is just the primordial contribution con-
sidered in [19, 20]. The second term is induced by Comp-
ton drag. However, it is identical in shape to the ordi-
nary linear bias contribution b1δ, and thus already taken
into account when allowing for b1 to be a free parame-
ter. We thus see that, at linear order, the bias expansion
is unchanged from that described in [20]. Note that, if
a post-reionization transfer function output of a Boltz-
mann code is used to calculate θbc, then b
bc
θ captures
a mixture of the primordial baryon-CDM velocity and
Compton-drag effects. Thus, if one is interested in the
former effect, a pre-reionization transfer function output
should be used to calculate θbc, as was done in [41].
2. Nonlinear order
We now turn to the nonlinear bias expansion. As ar-
gued in [20], the displacement between the baryon and
CDM fluids induced by the primordial relative velocity
is very small, much smaller than the scales amenable to
a perturbative description. This still holds even when
the Compton-drag contribution is included. Thus, it is
sufficient to treat both baryons and CDM as traveling
along the same fluid trajectory xfl(τ). The effect of the
relative displacement is then captured perturbatively by
higher-derivative terms [20].
Following [20], the terms introduced into the general
nonlinear bias expansion by the baryon-CDM relative ve-
locity consist of all combinations of vir and ∂iv
j
r with the
terms that appear in the standard bias expansion which
considers only the adiabatic growing mode of the baryon-
CDM system [39, 40]. Ref. [20] provides a complete list
of these terms for the primordial contribution vbc. We
now consider which additional terms are added by the
Compton-drag contribution. First, for each term which
involves vir without a derivative, we obtain the corre-
sponding terms by separating vr into vbc (the primordial
contribution) and v (the Compton-drag contribution).
For example, the term v2r , which was first pointed out by
[7], leads to
v2r −→ v2, v · vbc (vbc)2 , (33)
which corresponds to the quadratic order effect of Comp-
ton drag (as argued above, the linear order contribution
is degenerate with the ordinary density bias), the cou-
pling between Compton drag and the primordially pro-
duced relative velocity, and the previously considered pri-
mordial relative velocity squared. Note that, in the ab-
sence of non-gravitational forces, operators in the bias
expansion which involve the matter velocity without any
derivatives are forbidden by the equivalence principle.
However, the local CMB radiation corresponds to a lo-
cally identifiable preferred frame, with respect to which
the velocity is defined.
Next, consider the terms involving ∂iv
j
r . The
Compton-drag contribution to these terms thus contains
∂ivj . Crucially, ∂ivj can be captured by operators that
appear in the standard, adiabatic bias expansion, since
the Euler equation can be used to relate ∂ivj to the tidal
field [40]. Thus, the Compton-drag contributions to the
terms of this type are entirely degenerate with operators
appearing in the standard adiabatic bias expansion, and
do not need to be considered further. In fact, the linear
Compton-drag term ∝ θ considered above is the simplest
example of this.
To summarize, the additional terms induced in the
galaxy bias expansion by Compton drag are up to third
9order given by2
1st −
2nd v2, v · vbc
3d v2δ, (v · vbc)δ, Kijvivj , Kijvivjbc , (34)
where the tidal field Kij is defined through Kij ≡
(∂i∂j/∇2 − δij/3)δ. The second-order terms contribute
to the bias expansion Eq. (29) through
δ(2)g
∣∣∣
drag
= bdragv
2 + bdrag.bcv · vbc , (35)
and appear both in the galaxy three-point function (or
bispectrum) and the leading nonlinear (1-loop) correction
to the galaxy power spectrum. The third-order terms do
not contribute to the galaxy power spectrum at this or-
der, since their contributions are renormalised into lower
order bias parameters [20, 36, 38]. We will thus focus
on the quadratic terms in Eq. (35) in the following. As
discussed in [5, 20], there is also an independent stochas-
tic term associated with each of these operators. These
do not appear at the level of the 1-loop galaxy power
spectrum and tree-level bispectrum however. In the next
section, we will present constraints on the bias parame-
ters bdrag, bdrag.bc from the BOSS DR12 sample.
First, let us provide a very rough estimate for the mag-
nitude of these bias coefficients. Ref. [10] argued, in
the context of the primordial contribution vbc, that the
baryon-CDM relative velocity modulates the local effec-
tive sound speed of the gas through
c2s,eff = c
2
s|vr=0 + v2r . (36)
Using an excursion-set argument for the fraction of gas
collapsed into halos, they estimated that the fractional
modulation of the galaxy density scales as v2r/c
2
s. Note
that c2s is, by definition, of the same order of magnitude
as the virial velocity of halos with massMJ. Hence, this is
expected to be a reasonable estimate at least for low-mass
halos which are most affected by the relative velocity
between baryons and CDM. We thus obtain
|bdragv2| ∼ v
2
r |drag
c2s
∼ 5× 10−8 v
2
c2s
, and hence
bdrag ∼ 5× 10−8c−2s ∼ 30 , (37)
where in the first line we have evaluated Eq. (16) at
z ∼ 6−7, corresponding to the maximum expected value,
and inserted the sound speed for an ideal monatomic gas
2 Unlike the primordial relative velocity vbc, which is set in the ini-
tial conditions and is thus to be evaluated at the Lagrangian co-
ordinate corresponding to the given Eulerian position, the Comp-
ton drag involves the velocity of the matter fluid which is gov-
erned by the Euler equation. Hence, there are no displacement
terms such as those present for vbc [19, 20] or in the case of
primordial non-Gaussianity [34, 42].
at T = 104 K. Note in the last relation that we set the
speed of light c = 1. We emphasize that Eq. (37) is only
a rough estimate for galaxies formed during or soon after
reionization in low-mass halos (Mh ∼ MJ). Thus, bdrag
could be substantially smaller, in particular for galaxies
residing in more massive halos. On the other hand, trac-
ers of diffuse gas such as the Lyα forest could be affected
more strongly.
Finally, we can also estimate the coefficient bdrag.bc of
the cross-term. If the physical processes leading to the
dependence on the primordial baryon-CDM relative ve-
locity and the Compton-drag contribution are fully cor-
related, i.e. they have the same dependence on the local
environment of galaxies, then one expects
|bdrag.bc| ∼
√
|bbcv2bdrag| ∼ 0.6
( |bbcv2 |
0.01
)1/2
, (38)
where we have used Eq. (37) and assumed that bdrag.bc
as well as bbcv2 refer to the normalized primordial rela-
tive velocity vbc/
〈
(vbc)
2
〉1/2
[see Eq. (A6)], as adopted
in [7, 10, 11, 41, 43]. The estimate in Eq. (38) can be
understood as essentially an upper limit. First, the value
bbcv2 ∼ 0.01 is approximately the current upper limit ob-
tained from the BOSS DR12 sample [41, 43]. Second, if
the physical processes leading to the modulation of the
galaxy density by the primordial relative velocity and
Compton drag are not directly related, then the ampli-
tude of modulation of the mixed term v · vbc is expected
to be much smaller than the individual quadratic contri-
butions v2, (vbc)
2. This could well be the case, since the
effect of the primordial relative velocity is expected to be
strongest before reionization, while Compton drag only
appears after the onset of reionization.
B. Pressure and radiative transfer
As we have shown in Sec. II B and Sec. II C, respec-
tively, the effects of pressure forces and radiative trans-
fer on the clustering of galaxies are, in the context of
the perturbative bias expansion, captured by so-called
higher-derivative contributions. The leading such term
is
δg(x, τ) ⊃ b∇2δ(τ)∇2δ(x, τ) . (39)
Note that b∇2δ has units of length squared. We will re-
port observational constraints on b∇2δ in the next section.
In order to provide an order-of-magnitude estimate, it is
useful to consider a set of higher-order terms of the form
δg(x, τ) ⊃ b∇2nδ(τ)∇2nδ(x, τ) . (40)
Note that this is only a small subset of all higher-
derivative terms; there are also terms such as (∂iδ)
2, as
well as others involving derivatives on the tidal field (see
Sec. 2.6 in [5]). However, this subset of terms will suffice
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in order to illustrate the expected magnitude of higher-
derivative terms.
The higher-derivative terms considered in this paper
originate from non-gravitational effects which modulate
the galaxy density in a finite region of size λ, through an
expansion of the type Eq. (28). We thus expect that the
bias parameters scale as
b∇2nδ ∼ f λ2n , (41)
where |f | is the overall amplitude of the modulation (note
that f could be positive or negative), while λ is the size
of the region within which the effects act. In case of
pressure forces, this length scale is the Jeans length, λ =
λJ, while, if one considers the gas itself as tracer, the
amplitude f is of order unity. For the radiative-transfer
effects discussed in Sec. II C, the relevant scale is λ =
λion, the mean free path of ionizing radiation. On the
other hand, the amplitude f of the modulation induced
by radiative-transfer effects is uncertain. As argued in
Sec. II C, one expects the amplitude to be suppressed,
f  1, for galaxies residing in halos with mass much
higher than the Jeans mass MJ. Similarly to Eq. (41),
one expects that the coefficient of (∂iδ)
2 will scale as
b(∇δ)2 ∼ f2λ2 , (42)
and correspondingly for other nonlinear higher-derivative
terms. Thus, if several higher-derivative terms can be
measured, then the parameters f and λ controlling the
higher-derivative contributions can be determined inde-
pendently. At the level of b∇2δ alone, there exists a de-
generacy between f and λ. In addition, since b∇2δ can
have either sign, there can also be a chance cancelation
of different sources of higher-derivative contributions.
IV. CONSTRAINTS FROM THE BOSS DR12
SAMPLE
We now provide constraints on the amplitude of the
new terms discussed in this paper from the BOSS collab-
oration DR12 sample [44, 45]. The galaxy power spec-
trum measurements we use are described in [46] and [47]
and we refer to these papers for details about the mea-
surements. Note that the BOSS sample is highly biased
with b1 ∼ 2 [46], indicating that the luminous red galax-
ies (LRG) targeted in this sample reside in massive halos
Mh ∼ 1013M/h [48]. For this reason, following the
discussion in Sec. III A, we do not expect particularly
strong signatures of the Compton drag, radiative trans-
fer, and primordial baryon-CDM relative velocity in this
sample. However, if these halos assembled out of or ac-
creted low-mass halos with Mh ∼ MJ after reionization,
the observable properties of the low-redshift LRG could
contain a memory of the reionization effects imprinted
on these low-mass halos. Thus, the constraints we pro-
vide on these effects can provide interesting clues on the
progenitors of the LRG at redshift z ∼ 8− 20.
We separately constrain the two Compton-drag con-
tributions and the higher-derivative bias b∇2δ. We
have found that allowing for either Compton-drag con-
tribution to be varied simultaneously with the higher-
derivative bias does not significantly worsen the con-
straint on b∇2δ, but does increase the allowed range of
bdrag, bdrag.bc significantly. This is because a change in
the low-k power induced by the Compton-drag contribu-
tions can be compensated by the change in small-scale
power mediated by b∇2δ to yield a scale-independent
change to the galaxy power spectrum, which in turn can
be absorbed by a shift in b1. This degeneracy is ex-
pected to be broken if the galaxy three-point function
or bispectrum is included. Further, the data are cur-
rently not sufficiently sensitive to distinguish between
the Compton-drag and primordial relative-velocity con-
tributions. Thus, we constrain all three contributions
individually, and leave meaningful combined constraints
using higher-order statistics to future work. Note that
the individual constraints allow us to obtain a conserva-
tive estimate for possible systematics in the BAO scale
induced by the Compton-drag contributions.
A. Compton drag
As we have seen in the previous section, the Compton-
drag contribution to the baryon-CDM relative velocity is
captured by terms involving the matter velocity v. For
the purpose of the galaxy power spectrum including the
leading nonlinear correction, there are two additional op-
erators to consider, as given in Eq. (35). The structure
of the new terms in Eq. (35) is very similar to those of
the primordial baryon-CDM relative velocity vbc. Hence,
the prediction for the 1-loop galaxy power spectrum can
be taken from Appendix A of [41], with the following
differences:
1. The terms involving the relative density perturba-
tion δbc and divergence of the relative velocity θbc
are absent. This is formally obtained by setting
bbcδ = 0 = b
bc
θ in the notation of [41]. Further, the
so-called advection terms are absent as well, for-
mally obtained by setting Ls = 0.
2. The kernel Gu, defined in Eq. (24) of [41], is mod-
ified to
Gdrag(k1, k2) = −(Hf)2/(k1k2), (43)
Gdrag.bc(k1, k2) = Tv(k1)Hf/k2 , (44)
for the quadratic Compton-drag term (∝ bdrag) and
the coupling between Compton drag and the pri-
mordial relative velocity (∝ bdrag.bc), respectively.
Here, Tv(k) ≡ Tθbc(k)/[kTm(k)], where Tθbc is the
transfer function of the primordial relative veloc-
ity divergence defined analogously to Eq. (15), but
normalized to unit variance of the relative veloc-
ity via Eq. (A6) (see also Eq. (23) and following in
[41]).
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TABLE I: Fits to the BOSS DR12 combined sample power spectrum multipoles in the low and high redshift bins (0.2 < z < 0.5
and 0.5 < z < 0.75, respectively). The fit includes the monopole and quadrupole between 0.01 < k < 0.15h−1Mpc and the
hexadecapole between 0.01 < k < 0.10h−1Mpc. All errors in this Table are the marginalised 68% confidence levels, except for
the error on the new bias parameters bdrag and bdrag.bc, where we show both the 68% and 95% confidence levels. The labels
NGC and SGC refer to the North and South Galactic Cap, respectively.
Fit to the BOSS DR12 data
0.2 < z < 0.5 0.5 < z < 0.75
max. like. mean max. like. mean max. like. mean max. like. mean
α⊥ 1.009 1.013± 0.027 1.010 1.012± 0.026 0.985 0.989± 0.025 0.985 0.987± 0.025
α‖ 1.006 1.008± 0.040 1.006 1.014± 0.041 0.975 0.978± 0.041 0.975 0.977± 0.041
fσ8 0.475 0.479± 0.059 0.466 0.473± 0.058 0.419 0.412± 0.044 0.418 0.412± 0.045
bdrag 300 400± 2800(±5600) — — −52 −35± 1100(±3100) — —
bdrag.bc — — −30 −24± 15(+70−31) — — −3 −2± 21(+64−38)
bNGC1 σ8 1.358 1.356± 0.046 1.359 1.355± 0.040 1.250 1.256± 0.041 1.252 1.262± 0.041
bSGC1 σ8 1.347 1.349± 0.058 1.375 1.361+0.053−0.043 1.262 1.261± 0.048 1.258 1.261± 0.046
bNGC2 σ8 1.12 1.12± 0.77 1.59 1.13± 0.78 3.07 3.03± 0.50 3.05 2.93± 0.55
bSGC2 σ8 0.4 0.4± 1.0 1.39 1.23+0.96−0.80 0.80 0.92± 0.92 0.65 0.86± 0.93
NNGC −3000 −2800+2100−1300 −700 −600± 1300 −2100 −2100± 800 −2100 −2000± 1800
NSGC −1700 −1400+3400−2700 −1500 −1500± 1600 −1200 −1400± 1600 −900 −1000± 1700
σNGCv 5.82 5.78± 0.70 5.93 5.93± 0.70 5.22 5.14± 0.76 5.22 5.12± 0.76
σSGCv 6.44 6.43± 0.88 6.71 6.68± 0.81 4.80 4.61± 0.90 4.76 4.58± 0.92
χ2
d.o.f.
80.7
74−12
79.8
74−12
52.5
74−12
52.5
74−12
TABLE II: Fits to the BOSS DR12 combined sample power spectrum multipoles in the low and high redshift bins (0.2 < z < 0.5
and 0.5 < z < 0.75, respectively) including the higher order derivative bias b∇2δ. The fit includes the same scales as reported
in Table I. All errors in this Table are the marginalised 68% confidence levels, except for the error on b∇2δ, where we show
both the 68% and 95% confidence levels.
Fit to the BOSS DR12 data
0.2 < z < 0.5 0.5 < z < 0.75
max. like. mean max. like. mean
α⊥ 1.009 1.012± 0.027 0.985 0.986± 0.027
α‖ 1.006 1.010± 0.035 0.975 0.975± 0.041
fσ8 0.475 0.481± 0.055 0.419 0.424± 0.047
b∇2δ [(h
−1 Mpc)2] −0.1 −0.17+2.1−1.9(+3.9−3.3) 0.2 0.3+1.7−1.9(+3.3−3.8)
bNGC1 σ8 1.358 1.361± 0.041 1.249 1.247+0.040−0.034
bSGC1 σ8 1.347 1.348± 0.035 1.262 1.259+0.045−0.042
bNGC2 σ8 1.1 1.0± 1.0 3.1 3.2± 0.60
bSGC2 σ8 0.3 0.2± 0.7 0.80 0.70± 0.90
NNGC −2500 −2700+2200−1800 −2000 −2200± 800
NSGC −1300 −1430± 1500 −1250 −1330± 1300
σNGCv 5.82 5.95± 0.67 5.22 5.31± 0.81
σSGCv 6.41 6.53± 0.85 4.81 4.86± 0.87
χ2
d.o.f.
80.7
74−12
52.5
74−12
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FIG. 3: Contributions to the 1-loop galaxy power spectrum
due to the leading Compton-drag terms [Eq. (35)]: v2 (solid
lines) and v · vbc (dashed lines).
For reference, we explicitly give the complete expression
for the 1-loop galaxy power spectrum in App. A. The
Compton-drag contributions to the galaxy power spec-
trum are shown in Fig. 3. Their different scale depen-
dence compare to the terms in the standard bias expan-
sion allows us to place constraints even after marginaliz-
ing over all bias parameters.
We compare our model to the BOSS power spec-
trum monopole, quadrupole and hexadecapole in the
wavenumber range 0.01 - 0.15hMpc−1 for the monopole
and quadrupole and 0.01 - 0.1hMpc−1 for the hexade-
capole. In addtion to our parameters of interest bdrag,
bdrag.bc, which we constrain in turn, our fit has 7 free pa-
rameters: the BAO and redshift-space distortion scaling
parameters α⊥, α‖, fσ8; and the 4 bias and stochastic
parameters b1, b2, σv, N . For the latter 4 parameters, we
allow for independent values for the North Galactic Cap
(NGC) and South Galactic Cap (SGC), as these involve
slightly different selection functions (see [46] for details).
Note that the galaxy samples only differ slightly, and
we thus expect the values of bdrag, bdrag.bc to be similar.
Since we are only able to obtain upper limits on these
parameters, we refrain from treating the NGC and SGC
samples separately, and constrain a single parameter for
the entire sample.
The monopole of the best-fit model is shown in Fig. 4.
Note the precision of the data, which constrain the galaxy
power spectrum in this range of scales to within a few
percent.
All fitting results are summarised in Table I. Fitting
this model to the BOSS power spectrum we obtain con-
straints of bdrag = 400 ± 5600 (95% confidence level)
and bdrag = −35 ± 3100 for the low and high redshift
bin, respectively. We see that the 95% confidence in-
terval is about two orders of magnitude larger than the
rough order-of-magnitude estimate of the previous sec-
tion, |bdrag| ∼ 30 [Eq. (37)].
The cross terms between the Compton drag and the
primordial relative velocity are constrained to bdrag.bc =
−24+70−31 (95% confidence level) and bdrag.bc = −2+64−38
for the low and high redshift bin of BOSS, respectively.
Again, the observational uncertainties are significantly
larger than the maximum expected value of this bias pa-
rameter, |bdrag.bc| . 0.6 [Eq. (38)].
Thus, the data show no evidence for the presence of
modulations due to Compton drag and primordial rel-
ative velocity, which is expected given the size of the
errors. We will discuss possibilities for future improve-
ments on these constraints in Sec. V.
B. Radiative transfer and pressure
We now turn to constraints on the higher-derivative
terms introduced in the galaxy bias expansion by
radiative-transfer and pressure effects. Unfortunately,
higher-derivative contributions are difficult to constrain
from the galaxy power spectrum, as they are partially de-
generate with higher-order nonlinear contributions that
are not included in the model. For this reason, we only
attempt to constrain the leading higher-derivative bias
here, b∇2δ in Eq. (39). This simply adds a single term to
the galaxy power spectrum,
Pgg(k, µ)
∣∣∣
h. deriv.
= − 2(b1 + fµ2)b∇2δk2Pm(k) . (45)
Recall that b∇2δ has dimension length squared. We have
not included the contribution (b∇2δ)2k4Pm(k), as it is of
the same order as higher nonlinear contributions which
we do not include in our model. Given the very different
scale dependence compared to the Compton-drag con-
tributions, it is justified to set the latter to zero when
constraining b∇2δ. The remaining parameters are al-
lowed to be free, as described above. The results are
given in Table II. At the 95% confidence level, we ob-
tain approximately |b∇2δ| . (2h−1 Mpc)2. Interestingly,
this is of the same order as what one would expect for
the higher-derivative bias of the parent halos of the LRG
sample; the Lagrangian radius of Mh = 10
13 h−1M ha-
los is 2h−1 Mpc.
Turning to the interpretation of this result, there is
a degeneracy between the amplitude and spatial length
scale of the pressure or radiative-transfer modulation, as
described in Sec. III B. However, given an assumption
on the relevant mean-free path of ionizing radiation, we
can turn the constraint on b∇2δ into a constraint on the
amplitude of the modulation by the ionizing background,
via Eq. (41):
|f | . 0.002
(
λion
50h−1 Mpc
)−2
. (46)
We see that, for the BOSS DR12 galaxy sample, a mod-
ulation within a region of comoving size 50h−1 Mpc, say
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FIG. 4: The BOSS DR12 monopole power spectrum measure-
ment (black data points) divided by the best fitting model
without relative velocity parameters (NR, black solid line).
The red dotted line shows the best fitting model when includ-
ing bdragv
2, while the blue dashed line shows the best fitting
model when including bdrag.bcv · vbc. Here we only show the
monopole for clarity. While the best fit has been obtained
by fitting the monopole, quadrupole and hexadecapole, the
constraints on bdrag, bdrag.bc are dominated by the monopole.
due to radiative-transfer effects, has to be of very small
amplitude. Of course, in case of a modulation on much
smaller spatial scales, the constraint on the amplitude
becomes significantly weaker.
V. SUMMARY AND CONCLUSIONS
Reionization is the first and only phase transition in
the Universe since recombination, 400,000 years after the
Big Bang, and clearly a key event in the history of bary-
onic matter in the Universe. In this paper, we have inves-
tigated the impact of reionization on the large-scale clus-
tering of galaxies, in the context of the perturbative bias
expansion (see [5] for a review). We have identified three
distinct contributions. The first two, Compton drag
and pressure , are due to non-gravitational forces acting
on baryons and leading to a relative velocity (and sub-
sequently density) of the baryons with respect to CDM.
These two contributions, together with the primordial
contribution induced by pre-recombination plasma os-
cillations, completely describe the scale- and redshift-
dependence of the baryon-CDM relative velocity at lin-
ear order. The third, radiative transfer , is due to the
modulation of the heating and cooling rates of the gas by
the local background of ionizing radiation. We have sys-
tematically derived the complete contributions of these
terms to the nonlinear galaxy bias expansion, and con-
strained the leading contributions using the BOSS DR12
sample.
The Compton drag due to the motion of the gas rel-
ative to the CMB leads to unique contributions to the
galaxy density, which involve the velocity of matter di-
rectly. In the absence of non-gravitational forces, this
term is forbidden by the equivalence principle. However,
the CMB corresponds to a locally identifiable preferred
frame, with respect to which the velocity is defined. The
leading Compton-drag term is bdragv
2, whose coefficient
bdrag we have constrained using the BOSS DR12 sam-
ple. The constraint, |bdrag| . 3000 at 95% CL for the
high-redshift sample and a factor of 2 worse for the low-
redshift sample, is a factor of ∼ 100 larger than the
value expected from a rough order-of-magnitude fore-
cast for objects of order the post-reionization Jeans mass.
We have also constrained the mixed contribution involv-
ing both Compton drag and primordial relative veloc-
ity. Again, the constraint is several orders of magnitude
above what is expected from a rough estimate. While the
constraints on the Compton-drag contributions appear to
be much weaker than those on the primordial relative ve-
locity, |bbcv2 | . 0.01 [41, 43], this is merely due to the essen-
tially arbitrary normalization chosen for vbc (
〈
v2bc
〉
= 1
at z = 0). If we normalize vbc to the speed of light,
as done with the Compton-drag contribution here, then
the constraints translate to |bbcv2 | . 0.01c2/
〈
v2bc
〉 ≈ 1012
at z = 0. We emphasize that, given our constraints, the
broad-band amplitude of the Compton-drag contribution
to the galaxy power spectrum is small, and higher-order
Compton-drag effects will be even smaller. Hence, they
do not change the reach of perturbative appraoches to
galaxy statistics.
Since these contributions have never been considered
before, it is also interesting to investigate whether the
Compton-drag contributions could shift the BAO feature
in the galaxy two-point function which is used as a stan-
dard ruler in cosmology. Given our 95% confidence-level
constraints, the potential fractional shifts in the trans-
verse and radial BAO scales are found to be limited to
0.01% and 0.1% for bdrag and bdrag.bc, respectively. On
the other hand, the potential bias in the measured growth
rate parameter fσ8 is 0.5% and 3% for bdrag and bdrag.bc,
respectively. The stronger parameter shifts obtained for
bdrag.bc are presumably due to its scale dependence (cf.
Fig. 3) which is less degenerate with other nonlinear con-
tributions to the galaxy power spectrum and thus not as
easily absorbed by the standard bias parameters. Still,
the parameter shifts are well below 0.5σ of the uncer-
tainties of current BOSS DR12 measurements. We stress
however that the potential biases in the growth rate are
not negligible for next-generation galaxy redshift surveys
such as HETDEX, DESI, Euclid, PFS, and WFIRST.
The pressure and radiative-transfer effects are
captured by higher-derivative terms. We have con-
strained the leading representative, b∇2δ∇2δ, to a value
of |b∇2δ| . (2h−1 Mpc)2. This tightly constrains any
large-scale (& 20h−1 Mpc) modulation by radiative-
transfer effects of the progenitors of the BOSS DR12
sample. However, modulations on smaller spatial scales
are much less constrained. In order to disentan-
gle the amplitude and spatial scale of modulations to
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radiative-transfer effects or pressure forces, subleading
higher-derivative contributions also need to be measured
(Sec. III B). This is clearly worthwhile, as perturbative
approaches to galaxy clustering break down on the spa-
tial scale of the modulation.
As is generally true for bias parameters beyond the
linear bias b1, we expect significant improvement in the
constraints on bdrag, bdrag.bc, b∇2δ when combining the
galaxy power spectrum with the galaxy three-point func-
tion or bispectrum. For the leading, tree-level three-point
function, this can immediately be done using the terms
given in Sec. III. We leave this for future work.
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Appendix A: The power spectrum model
The galaxy power spectrum in redshift-space at 1-loop order, which we use to describe the BOSS galaxy power
spectrum measurements, was derived in [49–51] and has been extensively tested in [41, 46, 52]. This prediction is
given by
Pg,NL(k, µ) = exp
{−(fkµσv)2} [Pg,δδ(k) + 2fµ2Pg,δθ(k) + f2µ4Pθθ(k) + b31A(k, µ, β) + b41B(k, µ, β)] , (A1)
where µ = kz/k is the cosine of the wavenumber with the line of sight, which we choose along the z axis. For more
details on the definition of the individual terms we refer to [46, 52] were this model is explained in detail. This
prediction, however, neglects all contributions from baryon-CDM relative velocity and density perturbations. We now
add all relevant contributions of these latter effects. In the following, we will let δ and θ stand for the total matter
density perturbation and velocity divergence, respectively.
In order to write the equations in a compact way, we let O,Q, . . . stand for operators such as density, velocity
squared, and so on, and bO, bQ, . . . for the corresponding bias parameters. We group the operators appearing here into
three sets: Bm, corresponding to the terms appearing in the standard bias expansion for adiabatic initial conditions,
i.e. without relative baryon-CDM perturbations; Bbc, the operators induced by the primordial relative density and
velocity perturbations, which were considered in [10–21]; and Bdrag, the contributions from Compton drag which were
first derived here. We further split these sets into first (e.g., B(1)m ) and second order (e.g., B(2)m ) in perturbations. As
is done in [41], we simplify the result by neglecting the quadratic operators involving the primordial baryon-CDM
relative density perturbation δbc, and include v
2
bc as only quadratic term involving the primordial relative velocity.
These can be straightforwardly added following [20]. In any case, they are not considered for the results in this paper.
When making this simplifying assumption, no new cubic-order bias terms appear in the 1-loop power spectrum, and
the single cubic term is included in Eq. (A1) above. Further, we do not explicitly write the advection term of [19], as
it can be absorbed in the bias coefficient of θbc [20].
We then have
B(1)m ≡ {δ} , B(2)m ≡ {δ(2), δ2, s2} , where s2 ≡
[(
∂i∂j
∇2 −
1
3
δij
)
δ
]2
B(1)bc ≡ {δbc, θbc} , B(2)bc ≡ {v2bc}
B(1)drag ≡ { } , B(2)drag ≡ {v2, v · vbc} , (A2)
Here, δ(2) denotes the second-order density field in standard perturbation theory, while operators without superscripts
are assumed to be constructed out of linear fields (i.e., δ2 ≡ (δ(1))2, and so on). Further, bδ(2) = bδ = b1, while
bδ2 = b2/2, and we have denoted bdrag ≡ bv2 , bdrag.bc ≡ bv·vbc , and bbcv2 ≡ bv2bc in the text for clarity. For convenience,
we also define B(i)all ≡ B(i)m ∪ B(i)bc ∪ B(i)drag.
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Then, the full expression for the 1-loop galaxy power spectrum in redshift space becomes
Pg(k, µ) = Pg,NL(k, µ) +
∑
O∈B(1)bc ∪B
(1)
drag
 ∑
Q∈B(1)all
bObQP
(11)
O|Q(k)− 2µ2P (11)O|θˆ (k)

+
∑
O∈B(2)bc ∪B
(2)
drag
bO
 ∑
Q∈B(2)all
bQP
(22)
O|Q(k)− 2µ2P (22)O|θˆ(2)(k)− 2P
(22)
O|δηˆ(k, µ)− PO|ηˆ2(k, µ)
 (A3)
where θˆ ≡ ∇ · v/H is the scaled matter velocity divergence, while ηˆ ≡ nˆinˆj∂ivj/H is the line-of-sight derivative of
the line-of-sight velocity. In Fourier space, ηˆ(k) = µ2θˆ(k) and, at linear order, θˆ = −fδ. Here, the linear terms are
given by 〈
O(1)(k)Q(1)(k′)
〉
= P
(11)
O|Q(k)(2pi)
3δD(k + k
′) . (A4)
For example, we have
P
(11)
δbc|δ(k) =
Tδbc(k)
Tm(k)
P linm (k) and P
(11)
δbc|θˆ(k) = −f
Tδbc(k)
Tm(k)
P linm (k) , (A5)
where the transfer functions for the primordial relative density perturbation δbc and relative velocity divergence θbc
are defined in analogy to Tθr (k) through Eq. (15), except that we normalize Tθbc so that〈
v2bc
〉
=
∫
d3k
(2pi)3
k−2
(
Tθbc(k)
Tm(k)
)2
P linm (k) = 1 at z = 0 . (A6)
As discussed in Sec. III A, in practice the transfer function for θbc can be obtained from a pre-reionization output
of the relative-velocity tranfer function Tθr computed by a Boltzmann code, since the Compton-drag term is absent
before reionization.
With the exception of the last two terms, the nonlinear terms on the second line of Eq. (A3) can be written as
P
(22)
O|Q(k) ≡ 2
∫
d3q
(2pi)3
P linm (k)P
lin
m (|k − q|)
[
GsO(q,k − q)GsQ(q,k − q)−GsO(q,−q)GsQ(q,−q)
]
, (A7)
where the symmetrized kernels are defined as
GsO(k1,k2) ≡
1
2
[GO(k1,k2) +GO(k2,k1)] , (A8)
and the kernels GO are listed for each operator in Table III. Finally, the last two terms in Eq. (A3) are given by
PO|δηˆ(k, µ) = − f
∫
d3q
(2pi)3
GsO(q,k − q)
[
(nˆ · q)2
q2
+
[nˆ · (k − q)]2
|k − q|2
]
P linm (q)P
lin
m (|k − q|)
PO|ηˆ2(k, µ) = 2f2
∫
d3q
(2pi)3
GsO(q,k − q)
(nˆ · q)2
q2
[nˆ · (k − q)]2
|k − q|2 P
lin
m (q)P
lin
m (|k − q|) . (A9)
Operator O Kernel GO(k1,k2), with µ12 ≡ k1 · k2/(k1k2)
δ(2) F2(k1,k2)
θˆ(2) −fG2(k1,k2)
δ2 1
s2 µ212 − 1/3
v2bc −µ12Tθbc(k1)Tθbc(k2)/[k1Tm(k1)k2Tm(k2)]
v2 −µ12H2f2/(k1k2)
v · vbc µ12HfTθbc(k1)/[k1Tm(k1)k2]
TABLE III: List of second-order operators and corresponding kernels appearing in the contributions P
(22)
O|Q(k) [Eq. (A7) via
Eq. (A8)] to the 1-loop galaxy power spectrum. F2 and G2 are the second order density and velocity kernels, respectively (e.g.,
[53]).
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Note that the absence of preferred directions apart from the line of sight nˆ ensures that these correlators only depend
on k and its angle µ with nˆ.
It is worth noting that Eq. (A3) includes terms such as PO|δηˆ(k) that couple nonlinear redshift-space distortions
with nonlinear relative-velocity-induced bias terms. There are corresponding terms for the standard nonlinear bias
operators δ2, s2 that are not included in the model of [50, 51], which therefore do not correspond to the complete
expression for the 1-loop galaxy power spectrum in redshift space. However, we do not expect these missing terms to
have any impact on the constraints on the Compton drag and primordial relative velocity contributions. Note that
[41] found that these constraints are dominated by the power spectrum monopole.
II. THE ADIABATIC DECAYING MODE
Since the local abundance of galaxies in general de-
pends on the entire history of structure formation, all
modes of the cosmic density fields (in particular baryons
b and CDM c) should be included. One such mode has
so far been neglected in the large-scale structure liter-
ature, namely the adiabatic decaying mode, whose time
dependence is given by H(z). Here, adiabatic means that
δi = δm, i = b, c. In order to estimate the magnitude of
this mode, we write the redshift-dependent matter trans-
fer function as
Tm(k, z) = T+(k)Dˆ(z) + T−(k)E(z) , (1)
where Tm = fbTb + (1 − fv)Tc, and T± are the transfer
functions of the adiabatic growing and decaying modes
normalized to z = 0, Dˆ(z) is the normalized growth fac-
tor with Dˆ(0) = 1, and E(z) ≡ H(z)/H0. Hence,
Dˆ(z2)Tm(k, z1)
Dˆ(z1)Tm(k, z2)
− 1 = T−(k)
T+(k)
(
E(z1)
Dˆ(z1)
− E(z2)
Dˆ(z2)
)
, (2)
which allows us to estimate the amplitude of the decaying
mode relative to the growing mode from transfer function
outputs at two redshifts. Fig. 5 shows the r.h.s. of Eq. (2)
for differenct combinations of redshifts (with z1 > z2).
Note that Eq. (1) neglects the gravitational coupling to
all other stress-energy components, in particular radia-
tion and neutrinos. Hence, we do not expect it to exactly
describe the transfer function given by Boltzmann codes,
especially on scales approaching the comoving horizon
where radiation and neutrino contributions are most sig-
nificant. Given these caveats, we limit Fig. 5 to scales
of k & 0.01hMpc−1. In order to verify that the result
actually corresponds to the desired decaying mode, we
also show the result of rescaling the different results to
a common redshift ratio of (z1 = 200, z2 = 150) using
the expected behavior of the decaying mode (assuming
matter domination). The approximate match confirms
that the adiabatic decaying mode does correspond to the
bulk of Eq. (2).
We see that the decaying mode is strongly suppressed
relative to the growing mode already at z ' 150. Quan-
titatively, we obtain
T−(k)E(z)
T+(k)Dˆ(z)
. 6×10−8E(z)
Dˆ(z)
∼ 6×10−8 (1 + z)5/2 , (3)
where the second approximate equality assumes matter
domination. Even at redshift 10, this is only of order
10−5. Hence, including the decaying mode in the bias
expansion, with a bias coefficient of order one, yields a
contribution which is entirely negligible for current and
upcoming galaxy surveys.
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